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We present the results of a search for new, heavy particles that decay at a significant distance from their production 
point into a final state containing charged hadrons in association with a high-momentum muon. The search is conducted 
in a pp-collision data sample with a center-of-mass energy of 7 TeV and an integrated luminosity of 33 pb~^ collected in 
2010 by the ATLAS detector operating at the Large Hadron Collider. Production of such particles is expected in various 
scenarios of physics beyond the standard model. We observe no signal and place limits on the production cross-section of 
supersymmetric particles in an R-parity- violating scenario as a function of the neutralino lifetime. Limits are presented 
for different squark and neutralino masses, enabling extension of the limits to a variety of other models. 



1. Introduction 

Various scenarios of physics beyond the standard model 
predict the production at the Large Hadron Collider 
(LHC) of heavy particles with lifetimes that may be of 
order picoseconds to about a nanosecond. An exam- 
ple of such a scenario is gravity-mediated supersymmetry 
(SUGRA) with i?-parity violation (RPV), where current 
limits on RPV couplings jj^ allow for the decay vertex of 
the lightest supersymmetric particle to be within the range 
accessible to collider-based particle detectors. In gauge- 
mediated supersymmetry models, the next-to-lightest su- 
persymmetric particle may be long lived due to suppres- 
sion of its decay by the large supersymmetry-breaking 
scale [2]. Additional scenarios allowing for such a sig- 
nature include split-supersymmetry [3], hidden- valley [1], 
dark-sector gauge bosons stealth supersymmetry [5], 
or a meta-stable supersymmetry-breaking sector [7] . 

Searches for related signatures have been performed at 
the Tevatron with ^/s = 1.96 TeV pp collisions. The DO 
collaboration has searched for a long-lived neutral particle 
decaying into a final state containing two muons [5] or a 6& 
pair [3]. No signal was observed, and limits were computed 
in the context of RPV and hidden-valley model scenarios. 

In this letter, we report the results of a search for a 
heavy particle decaying into several charged particles at a 
distance of order millimeters to tens of centimeters from 
the pp interaction point, in events containing a muon with 
high transverse momentum (px)- We report the results 
of the search in terms of limits within the SUGRA sce- 
nario, where this signature corresponds to the decay of 
the lightest supersymmetric particle due to non-zero RPV 
couplings A2jj, via a diagram such as the one shown in 
Fig. [T] However, it may also be the result of other mod- 
els with heavy, long-lived particles that decay into or are 



produced in association with a high-px muon. 




Figure 1: Example of a diagram of a new massive particle (such 
as the lightest neutralino) decaying into a muon and two jets via a 
virtual smuon, with lepton-number and ij-parity violating coupling 



2. The ATLAS detector 

The ATLAS detector TO] comprises a tracking inner de- 
tector (ID) system, a calorimeter system, and an extensive 
muon spectrometer (MS). 

The ID operates in a 2 T magnetic field and provides 
tracking and vertex information for charged particles in the 
pseudorapidity range \r]\ < 2.5, where rj = — lntan(0/2) 
and 9 is the polar angle, defined with respect to the cylin- 
drical symmetry axis (the z axis) of the detector. At small 
radii, high-resolution pattern recognition capability is ob- 
tained using silicon pixel layers and stereo pairs of silicon 
microstrip layers. The pixel system comprises three barrel 
layers, and three forward disks on each side of the interac- 
tion point. Of particular significance to this analysis are 
the barrel pixel layers, which are positioned at radii of 50.5, 
88.5, and 122.5 mm. The silicon microstrip tracker (SCT) 
has four barrel layers, and nine forward disks on each side. 
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At larger radii, a transition-radiation tracker (TRT) com- 
posed of straw-tube elements interleaved with transition- 
radiation material contributes to track reconstruction up 
to \r]\ — 2.0 and improves electron identification. 

The calorimeter system covers the pseudorapidity range 
I77I < 4.9. It includes a lead/liquid-argon electromag- 
netic calorimeter and a hadronic calorimeter comprising 
a steel/scintillating-tile barrel system and a liquid-argon 
endcap system with copper and tungsten absorbers. 

The MS provides muon identification and momentum 
measurement in the pseudorapidity range \r]\ < 2.7 using 
a 3-layer system of gas-filled precision-tracking chambers. 
The I77I < 2.4 range is covered by separate trigger cham- 
bers, which are used for the level-I hardware trigger. The 
MS operates in a toroidal magnetic field generated by a 
barrel toroid and two endcap toroids. 

A three-level trigger system is used for online event 
selection. It comprises a hardware-based level-1 trigger, 
which uses information from the MS trigger chambers and 
the calorimeters, followed by two software-based trigger 
levels. 

3. Data and simulation 

The data used in this analysis were collected between 
June and October 2010. Basic requirements on stable 
beam, detector, and trigger conditions are applied, result- 
ing in a total integrated luminosity of 33 pb~^. 

Monte Carlo (MC) simulated event samples are used 
to study possible sources of background, evaluate accep- 
tance and signal efficiency, and for systematic-uncertainty 
studies. For this purpose, we use minimum-bias, QCD- 
dijet, W+ jets, and Z+ jets samples produced with the 
PYTHIA [ll] MC generator, and ti samples generated 
with MC@NLO [H]. 

We use PYTHIA to generate signal events, where a pair 
of primary squarks or a squark-antisquark pair is produced 
in the pp collision, and each squark (antisquark) decays 
into a neutralino and a quark (antiquark). The signal 
events are generated with a gluino mass of 5 TeV, so that 
the cross-section for giuino-pair production is small, and 
this process is not considered. 

The parameters of the different signal MC samples are 
shown in Table [1] The generated values of squark and neu- 
tralino masses are chosen so as to provide a broad range 
of neutralino velocities and daughter-particle multiplici- 
ties, which are the quantities that have the greatest im- 
pact on the signal efficiency (see discussion in Section [sjQ 
The signal MC samples are labeled in Table [l] according 
to the squark mass and neutralino mass, respectively: MH 
(medium-mass squark, heavy neutralino), ML (medium- 
mass squark, light neutralino), LL (light squark and light 
neutralino) , and HH (heavy squark and heavy neutralino) . 



^The final neutralino mass values are the result of Higgsino- 
gaugino mixing. 
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Table 1: Parameters of the four signal MC samples used 
in the analysis: the squark mass, produetion cross-section from 
PROSPINO 1131 . neutralino mass, average neutralino boost factor 
from PYTHIA and average proper fiight distance. 



The RPV coupling A211 is set to a non-zero value, so that 
each neutralino decays to fi^ud (or the charge-conjugate 
state). The value of X'211 for each sample is chosen so 
that a significant fraction of neutralino decays takes place 
throughout the pixel region, and the resulting average neu- 
tralino proper flight distances (ctmc, where tmc is the gen- 
erated neutralino lifetime) are given in Table [11 We note 
that while the MC distributions shown in Figs7[3j|4j and [7] 
depend on ctmcj the results of the analysis, presented in 
Section [sj are independent of the values of and ctmc 
with which the signal MC samples are generated. 

The signal cross-section values listed in Table [l] are 
obtained from PROSPINO [13], which performs a next- 
to-leading-order calculation. We observe that the cross- 
sections for qq and qq events are significantly different be- 
tween PYTHIA and PROSPINO, and that the neutralino- 
velocity distributions generated by PYTHIA for these two 
types of events are different, especially in the 150-GeV 
squark case. To take this into account, qq and qq events 
signal samples are generated separately with PYTHIA, 
and reweighted according to the relative cross-sections of 
the two event types in PROSPINO. 

The background and signal MC samples are generated 
with an average of (/z) =2.2 interactions per event, cor- 
responding to (/i) for data taken in 2010. An additional 
sample, otherwise identical to the MH sample in Table [l} 
is produced with (/i) = 5. Each simulated event is passed 
through the GEANT4-based [H] ATLAS detector simula- 
tion |15) and processed in the same way as the data. 

4. Vertex reconstruction and event selection 

We select events that pass an MS level-1 single- muon 
trigger, where the muon candidate has transverse momen- 
tum pt > 40 GeV, as determined in the MS. We require 
the primary vertex (PV) originating from the pp collision 
to have at least five tracks and a z position in the range 
[zpvl < 200 mm. In events with multiple interactions, the 
PV with the highest scalar sum of the px of its tracks is 
used. 

Reconstruction of a displaced vertex (DV) begins with 
the selection of tracks with px > 1 GcV formed with at 
least two SCT hits. For each track we require |do| > 2 mm, 
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where \do\ is the impact parameter of the track with re- 
spect to the transverse position of the PV, {xpy,ypy). In 
the MC, this requirement rejects 98% of ah tracks origi- 
nating from the primary pp interaction. 

The selected tracks are used to search for displaced 
vertices using an algorithm based on the incompatibility- 
graph approach, similar to that used in Ref . [T^ . The algo- 
rithm begins by reconstructing 2-track seed vertices from 
all track pairs, and keeping those that have a vertex-fit 
less than 5. A seed vertex is rejected if one of its tracks 
has hits between the vertex and the PV. Seed vertices are 
combined into multi-track vertices in an iterative process, 
as follows. If a track is used in two different vertices, the 
action taken depends on the distance D between the ver- 
tices: ii D < 3(7d, where ao is the estimated uncertainty 
on D, then the tracks of the two vertices are combined 
and refitted to a single vertex; otherwise, the track is as- 
sociated with only the vertex relative to which it has the 
smaller x^- If the of a track relative to the resulting 
vertex is greater than 6, the track is removed from the ver- 
tex, and the vertex is refitted. The process continues until 
no tracks are shared among different vertices. Finally, ver- 
tices that are separated by less than 1 mm are combined 
and refitted. Events containing at least one such displaced 
vertex are said to satisfy the event selection criteria. 

The typical position resolution of the DV in the sig- 
nal MC samples is tens of microns for tdv and about 200 
microns for z^y near the interaction point. For vertices 
beyond the outermost pixel layer, which is located at a ra- 
dius of 122.5 mm, the typical resolution is several hundred 
microns for both coordinates. 

To ensure the quality of the DV fit, we require the 
per degree of freedom (DOF) of the fit to be less than 
5. The DV position is required to be within the bar- 
rel pixel fiducial region, defined by the longitudinal and 
transverse ranges I^dvI < 300 mm, tdv < 180 mm, re- 
spectively. To suppress background from tracks that orig- 
inate from the PV, we require the transverse distance 
V (^DV ~ a^pv)^ + (j/DV ~ VwY between the primary and 
the displaced vertices to be at least 4 mm. We require the 
number of tracks in the DV to be at least four, to sup- 
press background from random combinations of tracks and 
from material interactions. Background due to particle in- 
teractions with material is further suppressed by requiring 
TTiDv > 10 GeV, where ttidv is the invariant mass of the 
tracks originating from the DV. We refer to vertex candi- 
dates that satisfy (fail) the mnv > 10 GeV requirment as 
high-mDV (low-TTiDv) vertices. 

Low-mov vertices from particle-material interactions 
are abundant in regions of high-density detector material. 
High-TODV background may arise from random spatial co- 
incidence of such a vertex with a high-px track, especially 
when this track and the particle that created the material- 
interaction vertex originate from different primary inter- 
actions, which may result in a large angle between their 
momentum vectors. An example of such a random com- 
bination of a material-interaction vertex with a high-p^ 



track is shown in Fig. [2] 




Figure 2: An event from a jet-trigger data sample, where a high- 
mass vertex (circled) is the result of an apparently random, large- 
angle intersection between a track (labeled as "Large angle track") 
and a low-moy hadronic-interaction vertex produced in a pixel mod- 
ule. Tracks originating from this vertex are shown in blue, those 
from the primary vertex are green, and other tracks are orange. The 
beampipe and pixel modules with track hits are shown. 

To suppress this type of background, we veto vertices 
that are reconstructed within regions of high-density ma- 
terial, mapped using low-mDv material-interaction candi- 
date vertices in data and true material-interaction vertices 
in minimum-bias MC events. We use the zdv and tdv po- 
sitions of these vertices to form a 2-dimensional material- 
density map with a bin size of 4 mm in zdv and 1 mm in 
Studies have shown [16 that the positions of pixel 
layers and associated material are well simulated in the 
MC detector model, while the simulated beampipe posi- 
tion is shifted with respect to the actual position. Thus, 
the use of data events to construct the material map en- 
sures the correct mapping of the beampipe material, while 
MC events make possible the high granularity of the map 
at the outer pixel layers, where material-interaction ver- 
tices in the data are relatively rare due to the low density 
of primary particles. Material-map bins with vertex den- 
sity greater than an tdv- and ZDV-dependent density crite- 
rion are designated as high-density-material regions, which 
constitute 34.4% of the fiducial volume I^dvI < 300 mm, 
4 < tdv < 180 mm. High-mDv vertices reconstructed 
within these bins are rejected. We refer to the combina- 
tion of all the requirements above as the vertex-selection 
criteria. 

In addition to the vertex-selection criteria, events are re- 
quired to contain a muon candidate reconstructed in both 
the MS and the ID with > 45 GeV, which is well into 
the efficiency plateau of the 40 GeV levcl-1 trigger. The 
muon candidate must satisfy ^/A4P^^^'KJf < 0.1, where 
A(j) (A?]) is the difference between the azimuthal angle 
(pseudorapidity) of the reconstructed muon candidate and 
that of the muon identified by the trigger. The ID track 
associated with the muon candidate is required to have at 
least six SCT hits, with at most one SCT hit that is ex- 
pected but not found, and must satisfy an |?7|-dependent 
requirement on the number of TRT hits. No pixel-hit re- 
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quirements are applied to the muon track. The muon track 
is not required to originate from a DV, in order to maintain 
high signal efficiency and sensitivity to scenarios where the 
muon may originate from the PV rather than from the DV, 
such as supersymmetry with longer decay chains involving 
prompt smuons. The combination of requirements above 
is referred to as the muon-selection criteria. 



5. Signal efficiency 

The efficiency for signal MC vertices is shown in Fig.[3]as 
a function of tdv for the different selection criteria and two 
representative signal MC samples - sample MH of Table [ij 
where the neutralino is heavy and slow moving, and sam- 
ple ML, where it is light and highly boosted. The efficiency 
presented in Fig. [3] depends strongly on the efficiencies for 
track reconstruction and track selection, which are affected 
by several factors: (1) The number of tracks originating 
from the DV and their total invariant mass increase with 
the neutralino mass. (2) More tracks fail the jdol > 2 mm 
requirement for small tdv or if the neutralino is highly 
boosted. (3) Track-finding algorithms used in track recon- 
struction are not optimized for tracks with large values of 
I do I, resulting in decreased efficiency for large tdv- (4) 
One of the track-quality requirements applied by standard 
ID tracking is that tracks share no more than one hit in 
the pixel and SCT layers. As a result, the efficiency is low 
when tdv is slightly smaller than the radial position rpixoi 
of a pixel layer and increases again for tdv > ^'pixoi • 

We observe in MC studies that the vertex-efficiency de- 
pendence on zdv is, to a good accuracy, uncorrelated with 
its tdv dependence. Therefore, we parametrize the effi- 
ciency function e(7'Dv,2Dv) as a histogram in tdv and a 
fourth-order polynomial in zdVj with parameters obtained 
from a fit to the MC. An example of the resulting efficiency 
function, after including the effect of the material veto, is 
shown in Fig. |4] 

Fig. [5]shows comparisons between data and background 
MC distributions of ttidv and N^y for selected events in 
the control region, todv < 10 GeV and before applying 
the material veto. Overall, good agreement between data 
and MC is observed. As we show in Section |6) the level of 
background contamination in our sample is estimated to 
be very small. Therefore, small discrepancies between the 
data and MC distributions do not have significant impact 
on the final results. Additional studies comparing MC and 
control-sample data are described in Section [Tj 



6. Background estimation 

As we show later in this section, the probability for 
background events to satisfy all the selection criteria is ex- 
tremely low. Therefore, in order to obtain enough events 
for background estimation, we study the efficiency of the 
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Figure 3: The efficiency as a function of r^v fof vertices in the sig- 
nal MC samples MH (top) and ML (bottom) of Tablejl] In each plot, 
the top histogram (circles) is the efficiency for the event selection cri- 
teria, the middle histogram (squares) shows the efficiency when also 
requiring one vertex to satisfy the vertex-selection criteria, and the 
bottom histogram (triangles) includes the muon-selection criteria. 
The material veto is not applied when making these plots. 
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Figure 4: The efficiency as a function of tdv and zdv for vertices in 
the signal MC sample ML of Table [T] High-density material regions 
that are vetoed are shown in white. The four major vetoed regions 
surround the beampipe wall, at radii of about 25 — 37 mm, and the 
three barrel pixel layers. 
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Figure 5; Comparison of the muv (top), (center), and tdv 

(bottom) distributions of data and MC events in the control region 
muv < 10 GeV. Other than the material veto and the > 4 

and rriDV > 10 GeV requirements, all selection criteria are applied 



In addition, the and rjjv distributions include a veto on 

decays. The MC histograms are normalized to the integrated lumi- 
nosity of the data, with the MC cross-section given by PYTHIA 1111 . 



background to satisfy the muon-selection criteria sepa- 
rately from the efficiency to satisfy the other selection cri- 
teria. We then combine the results assuming that the two 
efficiencies are uncorrelated. 

We use the background MC samples (see Section [3| to 
estimate the number of data events of each background 
type that are expected to satisfy the selection criteria, 
without applying any trigger requirements or the muon- 
selection criteria. Multiplying this number by the proba- 
bility for each MC event type to satisfy the muon-trigger 
and the offline muon-selection criteria yields the expected 
background for each sample. The — ?> fJ-~iy^ sample 
yields no selected vertices, but has high efficiency for sat- 
isfying the muon requirements. As a result, for this back- 
ground we find the highest upper limit of all the other 
samples. Given observed W~ — )■ fjL~i/f^ MC events and 
the luminosities of the data and of the MC sample, we 
find the expected W~ — t- fJ,~P^ background yield to be 
iVbgd < 0.03 events at 90% confidence level. The expected 
background yield from Z, tt, and dijet events is at least 
an order of magnitude smaller. 

We validate the use of MC to estimate the background 
by comparing displaced-vertex yields in a sample of non- 
diffractive MC events and data collected with minimum- 
bias triggers. For this study, we select vertices with 
wdv < 10 GeV and reject vertices with mov correspond- 
ing to Ka^ or A" decays or to photon conversions, in or- 
der to increase the purity of material-interaction vertices 
with high position resolution. From MC, we determine 
^int(?'Dv), the radius-dependent fraction of vertices that 
are due to particle interactions with material. This frac- 
tion is close to unity in detector material and much smaller 
than unity in gap regions between material layers, which 
are filled with N2 gas. Using R-mtifuv) and the number of 
2-track vertices in a pixel layer and in the adjacent gap, 
we determine an effective pixel-layer-to-gas mass-density 
ratio p. From p, i?int(?'Dv), and the number of N^y > 2 
vertices seen in each pixel layer, we predict the expected 
number of such vertices in the adjacent gap. Comparing 
this with the number of vertices actually observed, we find 
the prediction to be accurate within expected statistical 
variations in both MC and data. 

As a further cross-check of the estimated background 
level in the muon-trigger sample, we study a control sam- 
ple of events selected with jet-based triggers and which 
fail the > 45 GeV muon trigger. These events are 
required to satisfy all the selection criteria, except the 
muon-selection and todv > 10 GeV requirements. We 
denote with A^^^gg the number of control-sample events 
containing a vertex that satisfies the mnv > 10 GeV re- 
quirement. Then an estimate for the mov > 10 GeV 
background yield in the muon-trigger sample is A^bgd = 



^ ^ pass J ^ fail 



jet 
fail 



0.003 ± 0.002 events, where Nit 



fail 



(-^^fai'i ~ 4170) is the number of selected muon-trigger 
(control-sample) events with no vertices that pass the 
muv > 10 GeV requirement, and N'^^ss — 4- We perform 



variations of this estimate to account for some differences 
in the track-momentum spectrum and in N^y between the 
muon-trigger and control-sample events, and obtain con- 
sistent results. 

We observe that the data-driven background-yield es- 
timate is consistent with the MC-based upper limit of 
-^bgd < 0.03 events. In Section [8] we conservatively use 
the MC-based upper limit when calculating upper limits 
on the signal yield. 



The ratio shown is for sample HH of Table [TJ but is sim- 
ilar for the other MC samples. All deviations from unity 
appearing in Fig. [6] (and in the corresponding distribu- 
tions for the other signal samples) are taken into account 
in the calculation of the signal efficiency in each do bin, 
and are reflected in Figs. [3] and |4] The statistical uncer- 
tainties shown in Fig. |6] are propagated to uncertainties 
of between 3.5% and 8% on the signal reconstruction effi- 
ciency, depending on the signal sample. 



7. Systematic uncertainties 

We study several sources of systematic uncertainties on 
the signal reconstruction efficiency. These include uncer- 
tainties due to the trigger efficiency, the \do\ dependence of 
muon- and hadron-reconstruction efficiencies, the perfor- 
mance of the vertex-reconstruction algorithm, the uncer- 
tainty on the integrated luminosity, and the effect of multi- 
ple pp interactions per LHC bunch crossing. These studies 
and the resulting systematic uncertainties are briefly de- 
scribed below. We estimate that systematic uncertainties 
associated with the background estimate have a negligible 
impact on the limits obtained in Section [8] since the con- 
servatively estimated background yield is far less than one 
event. 

The efficiency of the trigger used in this analysis has 



events. Based on that 



been studied using Z 
study, we correct the MC-evaluated efficiency by an overall 
factor of 0.91, and assign to it a relative uncertainty of 
0.043. Although bosons are produced at the interaction 
point, the trigger uses only MS hits, so it is not strongly 
dependent on the true |do| value. We find good agreement 
between MC and data in terms of the dependence of the 
efficiency on the |do| measured by the MS. 

We test the MC simulation of the |do| dependence of 
the offline muon-reconstruction efflciency using cosmic-ray 
muons found in pp-coUision events. A downward-going 
cosmic-ray muon is reconstructed by the tracking algo- 
rithm as two separate tracks, one above the interaction 
point and one below. To identify cosmic-ray muons, we se- 
lect muon-candidate pairs that are back-to-back to within 
0.03 in (j) and 0.01 in 77, and reject beam-produced muons 
by requiring jdol > 2 mm for both candidates. The dif- 
ference ApT between the of the upper candidate and 
that of the lower candidate peaks at around 6 GeV, due to 
muon energy loss in the calorimeters, and the fact that for 
high-pT muons the measurement is dominated by the 
MS. From the distribution of Apx we find that the purity 
of the cosmic-ray sample is greater than 95%. 

Since the true- 1 do | distribution for cosmic-ray muons is 
flat over the small |c?q| range used in the analysis, as veri- 
fled by cosmic-ray simulation, the measured |do| distribu- 
tion of cosmic-ray muons yields the |c?o| dependence of the 
efficiency. Fig. [6] shows the ratio between the number of 
cosmic muons and the MC muon efficiency as a function 
of |do|, normalized to unity in the range 2 < |(io| < 4 mm. 
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Figure 6: The ratio between the \do\ distribution of cosmic-ray 
muons and the |iio| -dependence of the signal MC muon reconstruc- 
tion efficiency, shown as an example for sample HH of Table [l] The 
ratio is normalized to unity in the range 2 < |do| < 4 mm. 



We estimate a systematic uncertainty on the inner- 
detector track reconstruction efficiency as a function of 
the radial position of the vertex by comparing the tdv 
distributions of ifg mesons in minimum-bias MC and in 
data events collected with a minimum-bias trigger. We 
find that the Kg momentum distributions in data and MC 
are in good agreement, and hence expect the tdv distri- 
butions to agree as well. To test this, we compute the 
ratio R^o = Kdata(?'Dv)/KMc(?'Dv), where Ki(rDv) is the 
ratio between the number of Kg mesons reconstructed in 
sample j in a radial range around r^v and the number re- 
constructed inside the beampipe. Based on the largest de- 
viation of Rk° from unity, we determine a systematic un- 
certainty of 3% for tracks with |?7| < 1 and 4.3% for tracks 
with \ri\ > 1. This track-reconstruction uncertainty is 
propagated to an uncertainty on the vertex-reconstruction 
efficiency by random removal of tracks from the signal MC 
samples prior to vertex reconstruction and generation of 
alternative versions of the efficiency function e{rY)Y, ^dv)- 

A data-MC difference in the vertex-reconstruction ef- 
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ficiency is difficult to distinguish from an effect due to 
tracking-reconstruction efficiency. A vertex-reconstruction 
efficiency difference is likely to lead to differences in the 
vertex-fit x^/DOF. Comparing the fraction of vertices for 
which the x^/DOF is below 2.5 in data and MC, we esti- 
mate a systematic uncertainty of 0.7%. 

We take the systematic uncertainty on the luminosity 
to be 3.4% Hz]. 

The impact of multiple pp interactions per bunch cross- 
ing on the level of background is studied with jet-trigger 
events with multiple primary vertices, and is determined 
to be negligible. The impact on signal efficiency, studied 
with the (/i) — 5 signal MC sample, is negligible as well. 
Therefore, no systematic uncertainties are assigned due to 
multiple interactions. 

Propagation of the systematic uncertainties to the final 
results of the analysis is described in the following section. 



8. Results 



N^^ for 



Figure [t] shows the distribution of todv vs 
vertices in the selected data events, including vertices that 
fail the requirements on todv and N^Y^ overlaid with the 
signal distribution for the MH sample. We observe no 
events that satisfy all the selection criteria. 
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Figure 7: Vertex mass (mnv) vs. vertex track multiplicity {N^^) 
for displaced vertices in events that pass the selection requirements 
except the mjy\/ and requirements, which are not applied. 

Shaded bins show the distribution for the signal MC MH sample 
(see Table [TJ, and data are shown as filled ellipses, with the area of 
the ellipse proportional to the number of vertices in the correspond- 
ing bin. The figure contains 487 data vertices, of which 251 are in 
the bin corresponding to decays. 



Based on this null observation, we set upper limits on 
the supersymmetry production cross-section cr times the 
branching fraction B of the complete simulated signal de- 
cay chain for different combinations of squark and neu- 
tralino masses and for different values of ct, where r is 
the neutralino lifetime. 

The limits are determined in the following way. For 
each value of cr, we use the two-dimensional rapidity- vs. - 
velocity distribution of the generated neutralinos in each 
signal MC sample to produce a distribution of DV posi- 
tions with respect to the PV. This distribution is convolved 
with a Gaussian representing the z distribution of the PV, 
and then multiplied by the 2-dimensional efficiency map 
for vertices in that signal MC sample, obtaining the ex- 
pected distribution of rov vs. zdv- This distribution is 
generated separately for two cases. In the first case the 
reconstructed DV and muon originate from the same neu- 
tralino, and in the second they originate from different 
neutralinos. This allows us to correctly account for the 
muon-reconstruction efficiency for the desired value of cr, 
despite the fact that the signal MC is produced with a dif- 
ferent lifetime, ctmc- Integrating over the tdv vs. zdv dis- 
tributions, we obtain the total efficiency for reconstructing 
at least one vertex and one muon in the event given our se- 
lection criteria and the value of cr. From the efficiency and 
luminosity, we obtain the expected average signal-event 
yield for any value of the signal production cross-section. 
The expected background yield is taken to be zero with 
a conservative uncertainty of 0.03 events, which is the 
90% CL upper limit on the background (see Section [6]). 
The upper limit on aB is then calculated using the CL^ 
method [18] , where signal-only and signal-plus-background 
p- values are evaluated using pseudo-experiments generated 
from distributions based on counting statistics. The un- 
certainties on luminosity, efficiency, and background are 
treated as nuisance parameters. 

The systematic uncertainty on the track-reconstruction 
efficiency is taken into account in the limit calculation by 
use of the alternative efficiency functions described in Sec- 
tion [7j All other efficiency systematic uncertainties are 
used when converting the limit on the number of signal 
events to the limit on aB. 

The resulting limits are shown in Figure |8] with the 
PROSPINO-calculated cross-sections for squark masses of 
150 GeV and 700 GeV. Since no background is expected, 
the expected and observed limits are indistinguishable. In 
addition, based on the observation of no signal events in 
a data sample of 33 pb~^, we set a 95% confidence-level 
upper limit of 0.09 pb on the cross-section times the detec- 
tor acceptance times the reconstruction efficiency for any 
signal vertex. 

9. Summary and conclusions 

We have searched for new, heavy particles with life- 
times and velocities such that they decay at radial dis- 
tances between 4 mm and 180 mm from the pp interaction 
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Figure 8: Upper limits at 95% CL on the production cross-section 
times branching fraction vs. the neutraUno Ufetime times the speed 
of Ught for different combinations of squark and neutralino masses, 
based on the observation of zero events satisfying all criteria in a 
33 pb"'^ data sample. The horizontal lines show the cross-sections 
calculated from PROSPINO for squark masses of 700 GeV and 
150 GeV. 



point, in association with a high-transverse- momentum 
muon. Fewer than 0.03 background events are expected in 
the data sample of 33 pb^^, and no events are observed. 
We present hmits on the product of di-squark produc- 
tion cross-section and decay-chain branching fraction in 
a SUGRA scenario where the hghtest neutrahno produced 
in the primary-squark decay undergoes _R-parity- violating 
decay into a muon and two quarks. Limits are reported 
as a function of the neutralino lifetime and for a range 
of neutralino masses and velocities, which are the factors 
with greatest impact on the limit. Limits for a variety of 
other models can thus be approximated from our results, 
based on the neutralino mass and velocity distribution in 
a given model. 
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D. della Volpei°2a,i02b^ ^ Delmastro^^, P. Delpierre^^^ N. Delruelle^^, P.A. Delsart^^, C. Delucal^^ S. Demersl^^ 
M. Demichcv''^ B. Demirkoz"'', J. Deng^'^^, S.P. Denisov^^s^ p Derendarz^*^ , J.E. Dcrkaoui"^'^, F. Derue'^®, 

P. Dervan^^^ K. Desch^o, E. Devetak^s, rq. Deviveirosl5^ A. Dewhurst^^s, B. DeWilde^^^^ S. Dhaliwal^ss, 

R. Dhullipudi^*'™, A. Di Ciaccio^^^a.issb^ p. Di Ciaccio^, A. Di Girolamo^s, B. Di Girolamo^s, S. Di Luisei34a,i34b^ 

A. Di Mattia*^, B. Di Micco^^, R. Di Nardo^^-'^^'i^''''', A. Di Simone^^^'^'i^^'^, R. Di Sipio^^'^'is'', M.A. Diaz^i^, 

F. Diblen^s^ E.B. Diehl^^, J. Dietrich^i, T.A. Dietzsch^s^, S. Diglio"^, K. Dindar Yagci^^, J. Dingfelder^o, 

C. Dionisii32a,i32b^ p Dita^^*, S. Dita^^*^, F. Dittus^^, F. Djama^^ T. Djobava'^i, M.A.B. do Vale^^^, 

A. Do Valle Wemansi24a^ T.K.O. Doan^, M. Dobbs^^ R. Dobinson 29.*, D. Dobos42, E. Dobson^^, M. Dobson^'^s, 
J. Dodd34, C. Doglioni"8, T. Doherty^^^ Y. Doi^e.*, J. Dolejsii^e, I. Dolenc^^, Z. Dolezal^^e, B.A. Dolgoshein^^.*, 
T. Dohmael5^ M. Donadelli23<i, M. Donega^^o, J. Donini^s^ J. Dopke^^, A. Doria^^^a^ ^ p^g Anjos^^^ M. Dosil", 

A. Dottii22a,i22b^ j^prp Y)^^^7o ^ J p^ Dowell^^ A.D. Doxiadis^o^, A.T. Doyle^^, Z. Drasal^^s, j. Drecsl^^ 

N. Dressnandti20, H. Drevermann^^, C. Driouichi^s, M. Dris^, J. Dubbert'^^ T. Dubbs^^?^ g Dube^"^, E. Duchovnii^i , 

G. Duckeck9^ A. Dudarev^^, F. Dudziak^^, M. Diihrssen ^9, i.R Duerdoth^^^ L. Dufloti^^^ M-A. Dufour8^ 
M. Dunford29, H. Duran Yildiz^^, R. Duxfieldi-''9, M. Dwuznik^^, F. Dydak ^9, M. Diircn^^ W.L. Ebenstein44, 

J. Ebke^s, S. Eckcrt48, S. Eckweiler^i, K. Edmonds^i, C.A. Edwards^^ N.C. Edwards^^^ W. Ehrenfeld^'i , T. Ehrich99, 
T. Eifert29, G. Eigoni^, K. Einsweileri-^, E. Eisenhandler7^ T. Ekelof^*^, M. El Kacimi^^Sc, m. Ellert^^^, S. EUes*, 
F. EUinghaus^i, K. Ellis^^ N. Enis29, J. Elmshcuscr98, M. Elsing29, D. Emeliyanovi29, R. Engelmaim"^ A. Engl^^, 

B. Epp'^^ A. Eppig87, J. Erdmann^'', A. Ereditatoi*^, D. Eriksson"6a^ j. Ernst\ M. Ernst24, J. Ernweini^e, 

D. Errede^^s, S. Errede^^^, E. Ertel^\ M. Escalier"^, C. Escobari^?^ x. Espinal Curull", B. Esposito'*'', F. Etienne^^, 
A.I. Etienvrei36, E. Etzion^^^^ p^ Evangclakoir'^'* , H. Evans6\ L. Fabbrii9a,i9b^ Fabrc29, R.M. Fakhrutdinov^^^, 

S. Falciano^32a^ y. Fang^^^ M. Fanti^^'^'^^'^, A. Farbin^ A. Farillai34a^ j_ Farley"^ T. Farooquel5^ 

S.M. Farrington"^, P. Farthouat^^, P. Fassnacht^^, D. Fassouliotis^, B. Fatholahzadeh^^^, A. Favareto^^'''^^'', 

L. Fayard"^ S. Fazio^^^'^eb^ Febbraro^^, P. Federic"'*'', O.L. Fedin^^i^ -y^^ Fedorko^^, M. FehUng-Kaschok^^ , 

L. Feligioni83, D. Fellmann^, C.U. Felzmann^e, C. Feng32d, E.J. Feng^o, A.B. Fenyuk^^s, J. Ferencei^'^^'', J. Ferland^^^ 
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W. Fernando^"^, S. Ferrag^^, J. Ferrando^^, V. Ferrara''^, A. Ferrari^^^, P. Ferrari^"^, R. Ferrari^^^^, A. Ferrer^^'^, 

M.L. Ferrer^'^, D. Ferrere^^, C. Ferretti^'^, A. Ferretto Parodi^^^'^^^, M. Fiascaris^o, F. Fiedler8\ A. Filipcic'^^, 

A. Filippas^ F. Filthautio^^ M. Fincke-Keeleri^a, M.C.N. Fiolhaisi^^a.i, l. Fiorinii67, A. Firan^^, G. Fischer^S 

P. Fischer ^o, m.J. Fishcrio^ S.M. Fisheries, M. Flechl^s, I. Fleck"i, J. Fleckner^i, P. Flcischmanni^^^ 

S. Fleischmann^^'*, T. Flicki^'', L.R. Flores Castillo^'^^^ M.J. Flowerdcw^^ M. Fokitis^ T. Fonscca Martinis, 

D.A. Forbushi38, A. Fomiica^^e^ ^ Forti^^ D. Fortini^'^'^, J.M. Fostcr^^ D. Fournicr"^ A. Foussat^'', A.J. Fowler^'*, 

K. Fowler^^^ H. Fox^\ P. Francavilla^22a,i22b^ g_ FranchinoH^^'"^*^, D. Francis^^, T. Frank^^i, M. Franklin'", 

S. Franz29, M. Fraternali^i^a.iigb^ g_ pratina^^o^ g Frencli^'^, F. Friedridi R. Froeschl^^, D. Froidevaux^^, 

J.A. Frost27, C. Fukunagaise^ E. Fullana Torregrosa^^ , J. Fustcri*^^^ C. Gabaldon^^, O. Gabizoni^\ T. Gadfort^^, 

S. Gadomski^s, G. Gagliardi^o^^^ob^ p Gagnon^i, C. Galca^^^ E.J. Gallas^is, M.V. Gallas^^, V. Galloi^, B.J. Gallopi^a, 

P. Gallusi25, E. Galyacv^", K.K. Gan^o^ Y.S. Gao^'^^^f, V.A. Gapicnkoi^s, A. Gaponenkol^ F. Garbcrsonl^^ 

M. Garcia-Scivcrcs", C. Garcfa^^^^ J.E. Garcia Navarro^^, R.W. Gardner^o, N. Garelli^^, H. Garitaonandial"^ 

V. Garonnc^f, J. Garvcy^^ C. Gatti^^, G. Gaudio"^^, O. Gaumer^^, B. Gauri^i, L. Gauthieri^e^ I.L. Gavrilcnko^^, 

C. Gayies, G. Gayckcn^", J-C. Gayde^^, E.N. Gazis^, P. Gc32d^ C.N.P. Gcc^^^, D.A.A. Geertsio^, Ch. Geich-GimbeF, 
K. Gcllcrstcdt 146a, 146b ^ Gemme''^"'', A. Gemmell^^^ M.H. Genest9^ S. Gentilei32a,i32b^ George^^, S. George'''^, 

P. Gcrlachi^4^ a. Gcrshoni^^^ C. Gcwcniger^Sa^ jj_ Ghazlane^^sb^ p gj^cz^, N. Ghodbane^^ B. Giacobbe^^^, 

S. Giagui32a,i32b^ Y GiakoumopoulouS, V. Giangiobbci22a,i22b^ p Gianotti^^, B. Gibbard^"*, A. Gibsoni^^^ 

S.M. Gibson^^ L.M. Gilbert"*, M. Gilcliricsci^, V. Gilcwsky^^S D. Gillbcrg^*, A.R. Gillmani^s, D.M. Gingrich^-^ 

J. Ginzburgi-'^'\ N. Giokaris*, M.P. Giordanii64c^ r. Giordanoi"2a,i02b^ P^j Giorgi^^ P. Giovannini"'' , P.P. Giraudi-^^ 

D. GiugniS»^ M. Giuntai32aa32b^ p Giustii<^'\ B.K. Gjclstcn"^ L.K. Gladilin'^^ C. Glasman«", J. Glatzcr^^, 

A. Glazov^i, K.W. Glitza^^*, G.L. Glonti'^'\ J. Godfrcy^^^ J. Godlcwski^^, M. Gocbcl^i, T. G5pfcrt4-\ C. GocringerSi, 

C. G5ssling42, T. Gottfcrt^^ S. Goldfarb^^ T. GolIingi^-\ S.N. Golovnia^^s^ ^ Gomosi24a,h^ p g Gomez Fajardo''\ 

R. Goncalo^^, J. Goncalvcs Pinto Firmino Da Costa*^, L. GoncUa^^, A. Gonidec^^, S. Gonzalez^''^, S. Gonzalez de la 

Hozi67^ M.L. Gonzalez Silva^^, S. Gonzalez-Sevilla4^ J.J. Goodson^s, L. Goossens^^, P.A. Gorbounov9^ 

H.A. Gordon24, 1. Goreloyio^, G. Gorfinei^*, B. Gorini^^, E. Gorini^2a,72b^ ^ Gorisek^^^ E. Gornicki3^ 

S.A. Gorokhovi28, V.N. Goryacheyi^s, B. Gosdzik^i, M. Gosselinki"^^ M.I. Gostkin^s, I. Gough Eschrichi^s, 

M. Gouighrii35a^ Goujdamii^sc^ M.P. Goulette^^^ A.G. Goussioui^s, C. Goy^, I. Grabowska-Boldi^a.s, 

V. Grabskii^'S, P. Grafstrom^s, C. Grah"*^ K-J. Grahn^i, F. Grancagnolo''^'^, S. Grancagnoloi^, V. Grassi"^^ 

V. Gratcheyi^i, N. Grau^^, H.M. Gray^^, J.A. Gray"^ E. Grazianii34a^ q.G. Grebenyuki^i, D. Greenfieldi^s^ 

T. Greenshaw^^^ Z.D. Greenwood^"."*, K. Gregersen^s, I.M. Gregor^i, P. Grenier"3^ j. Griffiths^s, N. Grigalasllvili'^^ 

A.A. Grilloi37, S. Grinstein", Y.V. Grishkevich^^, J.-F. Grivaz^s^ J. Grognuz^^, M. Groh^^, E. Gross^^'S 

J. Grosse-Knetter54, J. Groth-Jenseni^i, K. Grybel^i, V.J. Guarino^, D. Guesti^^^ C. Guicheney^^, A. Guida^'^'^'^^b^ 

T. Guillemin*, S. GuindonS^, H. Guler^^.", J. Gunther^^s^ g GuqI^s, J. Guo^*, A. Gupta^o, Y. Gusakov^^^ 

V.N. Gushchini28, A. Gutierrez^^, p. Gutierrez"\ N. Guttmani^s, Q. Gutzwiller^^^^ g. Guyoti^e, C. Gwenlan"^ 

C.B. GwiUiam^^ A. Haas"3, S. Haas^^, C. Haber^^, R. Hackenburg^^, H.K. Hadavand^^, D.R. Hadley^^ P. Haefner^^, 

F. Halin29, S. Haider^s, Z. Hajduk^s, H. Hakobyani^^^ J. Haller^^, K. Hamacheri^^^ p Hamal"^, A. Hamilton's, 

S. Hamilton^ei, H. Han^^*, L. Han^^b, K. Hanagaki"^, M. Hance^^o^ q Handel^S P. Hanke^^*, J.R. Hansen^s, 

J.B. Hansen'''\ J.D. Hansen^^, RH. Hansen^^, P. Hanssoni43^ K. Harai*^", G.A. Hare^^^^ t. Harenbergi^*, 

S. Harkusha^o, D. Harper^^, R.D. Harrington^i, O.M. Harrisi^s, K. Harrison^^ J. Hartert'^, F. Hartjes^os, 

T. Haruyama*^^ A. Harvey^^, S. Hasegawa^oi, Y. Hasegawa^o, S. Hassanii^e, M. Hatches, D. HaufP^^ S. Haugl^ 

M. Hauschild29, R. Hauser^^^ ^ Havranek^o, B.M. Hawes"^, CM. Hawkes^^ R.J. Hawkings^^ D. Hawkins^^^^ 

T. Hayakawa^^, D Hayden^^^ H.S. Hayward^^^ S.J. Haywood^^s, E. Hazen^i, M. He^^d, S.J. Head^^ V. Hedberg^^, 

L. HeeW, S. Heim^^, B. Heinemann", S. Heisterkamp^^, L. Helary', M. Heller"^, S. Hellmani46a,i46b^ D Hellmich^o, 

C. Helsens", R.C.W. Henderson'^\ M. Henke^^'', A. Hcnrichs'''', A.M. Henriques Correia^^, S. Henrot-Versille"^, 

F. Henry-Couannier^^, C. Hensel^'^ x. Henfi^^'^ CM. Hernandez'', Y. Hernandez Jimenez^^^, R. Herrberg^^, 
A.D. Hershenhornis^ G. Herten'^, R. Hertenberger^^ , L. Hervas^^, N.P. Hesseylo^ A. Hidvegii'Sa^ 

E. Hig6n-Rodriguezi67^ D. HiUS'*, J.C HiU^^, N. Hill^, K.H. Hiller'i, S. HiUert^o, S.J. Hillieri^ I. Hinchliffe", 

E. Hinesi20, M. Hirose"^ F. Hirsch'^^ p, Hirscllbuellll7^ J. Hobbs"^, N. Hod^^^^ M.C Hodgkinsoni^s, R Hodgsoni^s, 
A. Hoecker29, M.R. Hoeferkampio^, J. Hoffmanns, D. Hoffmann^^^ jyj Hohlfeld^S M. Holderi'S S.O. Holmgreni'^a^ 
T. Holyi27^ jx. Holzbauer*^^ Y. Homma^'^, T.M. Hong^^n, L. Hooft van Huysduynen^o^ T. Horazdovsky^^^^ 
C Horn"3, S. Horner's, K. Horton^^s, J-Y. Hostachy^s, S. Houi^i, M.A. Houlden^^^ a. Hoummada^^a^ j. Howarth^^, 

D. F. Howell"^ I. Hristova l^ J. Hrivnac"^ I. Hruska^^s^ rp Rryn'ova', P.J. Hsul^^ S.-C. Hsu^', G.S. Huangi", 
Z. Hubaceki27^ p. Hubaut*^^ F. Huegging^o, T.B. HufFman"^^ E.W. Hughes^', G. Huglies^\ R.E. Hughes- Jones*^ , 
M. Huhtinen29, P. Hurst", M. Hurwitz^', U. Husemann'\ N. Huseynov^'^'", J. Huston^s, J. Huth", G. lacobucci'^ 

G. lakovidis^, M. Ibbotson^^, I. Ibragimov^'^ , R. Ichimiya^^, L. Iconomidou-Fayard^^^, J. Idarraga^^^, M. Idzik^^, 

P. Iengoi°2a,i02b^ o. Igonkinai"^, Y. Ikegami^e, M. Ikeno^e, Y. Ilchenko^^, D. Iliadisi^', D. Imbault^^ M. Imhaeuseri^', 
M. Imoriiss, T. Ince^o, J. Inigo-Golfin^s, P. loannou^, M. Iodicei34a^ g. lonescu', A. Irles Quiles^s^, K. Ishii^e, 
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A. Ishikawa*^^, M. Ishino'^^, R. Ishmukhametov^^ , C. Issever"^, S. Istin^^*, A.V. Ivashin^^*^, W. Iwanski^*, 
H. Iwasaki^e, J.M. Izen^^, V. IzzqIO^'^, B. Jackson^^o, J.N. Jackson^^ P. Jackson^^^^ M.R. JaekeP^, V. Jain^i, 
K. Jakobs^^ S. Jakobsen^s, J. Jakubek^^^^ D.K. Jana"i, E. Jankowski^^s, E. Jansen^^ A. Jantsch^^, M. Janus^o, 

G. Jarlskog''^, L. Jeanty", K. Jclcn^^, 1. Jen-La Plante^o, P. Jennies, A. Jeremie^, P. Jez^s, S. Jezequel'', M.K. Jhai^'', 

H. Jii^2^ W. Ji^S J. Jia"8^ Y. Jiang^^b, M. Jimenez Belenguer^i, G. Jin^^b, S. Jin^^^, Q. Jinnouchii", 
M.D. Joergcnsen^s, D. Joffc'^^ L.G. Johansen^^, M. Johansen"6a,i46b^ g Johanssoni^Sa^ p Johanssoni^s, 

S. Johnert^'i, K.A. Johns^ K. Jon-And"^'^'"^'', G. Jones^^^ R.W.L. Jones^\ T.W. Jones^^ T.J. Jones^^^ O. Jonsson^^, 

C. Joram29, P.M. Jorgei24a,fc^ j. Joseph^^, T. Jovin^^b, x. Ju^^o^ y. Juranek^^s, R Jussel^^ A. Juste Rozas", 

V.V. Kabachcnkoi28, S. Kabana^^, M. Kaci^^^^ A. Kaczmarska^s , P. Kadlccik^s, M. Kado"-\ H. Kagan^"", 

M. Kagan'", S. Kaiscr^^, E. Kajomovitzi-"^^^ S. Kalinin^^^^ L y Kalinovskayaf'-\ S. Kama'^^ N. Kanayal''^^ 

M. Kaneda^s, T. Kanno^^^, V.A. Kantscrov'^*^, J. Kanzaki^^^ ^ Kaplanl^^ A. Kapliy'^o, J. Kaplon^^, D. Kar^^, 

M. Karagoz"*^, M. Karncvskiy^\ K. Karr'\ V. Kartvelishvili'^^ A.N. Karyukhin^^s^ L Kashif^'^^^ a. Kasmi^^, 

R.D. Kass^o^, A. Kastanas^^^ M. Kataoka'', Y. Kataokal5^ E. Katsoufis^, J. Katzy'^^, V. Kaushik^ K. Kawagoe^"^, 

T. Kawamotoi5'\ G. Kawamura^^, M.S. Kayll°^ V.A. Kazanini°^ M.Y. Kazarinov6^ J.R. Kcates*2, R. Keeler^^^^ 

R. Kehoe39, M. Kcil^^, G.D. Kekelidze^^, M. Kelly^^ J. Kcnnedy^^, C.J. Kenneyi'*^, M. Kenyon-"^-\ O. Kcpka^^s, 

N. Kerschcn29, B.P Kerscvan^"^ g_ Kersten^^"^ ^ Kcssokui^^^ C. Ketterer^s, J. Keung^^s^ M. Khakzad^*, 

F. Khalil-zada"\ H. Khandanyan^^s^ A. Khanov"^ D. Kharchcnko*^'\ A. Khodinov^^ A.G. Kholodcnkoi^s, 

A. Khomich^S", T.J. Khoo^^ G. Khoriauli^", A. Klioroshikwi^*, N. Khovanskiy6'\ V. Khovanskiy^'\ E. Khramov^s, 

J. Khubua^i, H. Kim^ M.S. Kim^, P.C. Kim^^'\ S.H. Kim"'", N. Kimura^^o, O. Kmd^'\ B.T. King^-', M. King^^, 

R.S.B. King"8, J. Kirki29, G.P Kirsch"^^ l.E. Kirsch22, A.E. Kiryunin^^, T. Kishimoto^^ D. Kisielcwska^^, 

T. Kittelmanni23. A.M. Kivci-i^s, E. Kladiva"4b. j. Klaibcr-Lodcwigs^z. M. Kk;in^'\ U. Kk;in^-\ K. KlcinkncchtSi, 

M. Klemetti^'\ A. Kliori^\ A. Klimcntov^^ , R. Klingcnbcrg*^ E.B. Kliukby'^-\ T. Klioutchnikova^^, P.P. Klok^"*, 

S. Klousl°^ E.-E. Kluge^^^, T. Klugc^'\ P. KluitlO■^ S. Kluth^^ N.S. Knechti-'^s^ ^ Kncringer62, J. Knobloch^s, 

E. B.F.G. Knoops*^3^ A. Knuc^*, B.R. Ko*^, T. Kobayashii-^'\ M. Kobcl^s, M. Kociani^s^ A. Kocnar"^^ p. Kodysi^e, 
K. K6ncke29, A.G. Konigio"^ s. Kocnig^i, L. Kopkc^^, F. Koctsveldio^^ p. Koevesarki^" , T. Koffas^^, E. Koffcmanio^, 

F. Kohn54, Z. Kohouti27^ T. Kohriki*^'^ T. Koi"'\ T. Kokott^", G.M. Kolachev^o^, H. Kolanoskil^ V. Kolcsnikov^s , 

I. Koletsou^S'^, J. Koll^s, D. Kollar^^, M. Kollefrath^s, S.D. Kolya^^^ A.A. Komar^*, Y. Komorii^s, T. Kondo^e, 
T. Kono^i'P, A.I. Kononov^s, R. Konoplichio^,?, N. Konstantinidis''^, A. Kootzi^*, S. Koperny^^, S.V. Kopikoyi^s, 
K. Korcyl^s, K. Kordasi54^ y. Koresheyi^s, A. Korn^^, A. Korol^"^, L Korolkov", E.V. Korolkovai^s , 

V.A. Korotkovi28, Q. Kortner^^, S. Kortner^^ V.V. Kostyukhin^o , M.J. Kotamaki^^, S. Kotov^^ V.M. Kotov'^^ 

A. Kotwal'''*, C. Kourkoumelis^, V. Kouskoura^^'', A. Koutsman^o^, R. Kowalewski^''^, T.Z. Kowalski^'^, 

W. Kozanecki^^e^ ^ Kozhin^^s^ y_ Kral^^T^ y.A. Kramarcnko'^'^, G. Krambcrger'^'', M.W. Krasny^®, 

A. Krasznahorkay^°8, J. Kraus^*, A. Kreisel^^^, F. Krejci^^T^ j_ Kretzschmar ""^ , N. Krieger^^, P. Krieger^^^, 

K. Kroeninger54, H. Kroha9^ J. KroU^^o^ j Kroseberg^o, J. Krstic^^a^ u. Kruchonak^s, H. Kriiger^o, T. Kruker^^, 

Z.V. Krumshteyn^s, A. Kruth^", T. Kubota8^ S. Kuehn^s, A. Kugel^^c^ rp j^y^4i^ Kuhn62, V. Kukhtin^s, 

Y. Kulchitskyso, S. Kuleshov^ib, c. Kummer^^, M. Kuna^^^ N. Kundu^^^^ J. Kunkle^^o, A. Kupcfli^s, H. Kurashige^^ 

M. Kurata^so, Y.A. Kurochkin^o, V. Kus^^s^ ^ Kuykendall^^*, M. Kuze^^^ P. Kuzhir^S J. Kvita^^, R. Kwee^^, 

A. La Rosai^2^ La Rotonda^^^'^eb^ L. Labarga^", J. Labbe^ S. Lablak^'^^^, G. Lacasta^^^^ F. Lacava"2a,i32b^ 

H. Lacker^s^ D. Lacour^^^ V.R. Lacuesta^^^, E. Ladygin^s, R. Lafaye^ B. Laforge^^ T. Lagouri^o, S. Lai^^, 

E. Laisne^^, M. Lamanna^^, C.L. Lampen^, W. Lampl**, E. Lancon^^^, U. Landgraf'*^, M.P.J. Landon'^^, 

H. Landsmani52^ j.L. Lanc*^2^ c_ Lange^i, A.J. Lankford^^^^ F. Lanni24, K. Lantzsch29, S. Laplacc^s, G. Lapoire20, 

J.F. Laportei36, T. Lari^s^, A.V. Larionov 128, A. Laxner^is, C. Lasseur29, M. Lassnig29, P. Laurelli''^ A. Lavorato"^, 

W. Lavrijseni"^, P. Laycock'^^, A.B. Lazarev^^, O. Le Dortz'^^, E. Le Guirriec^^, C. Le Maner^^^, E. Le Menedeu^^*^, 

C. LebeF^ T. LeGompte^ F. Ledroit-GuillonS^, H. Leel°^ J.S.H. Lee^^o, S.G. Lee^^i, L. Leel^^ M. Lefebvrel6^ 
M. Legendre^36^ a. Leger^^ B.C. LeGeyti20, F. Legger^^, C. Leggett", M. Lehmacher20, G. Lehmann Miotto29, 
X. Lei^ M.A.L. Leite^^d, R. Leitner^^e, D. Lellouch^^i, M. Leltchouk^^, B. Lemmer^^, V. Lendermann^s^, 

K.J.C. Leneyi45b^ t. Lenz^o^^ G. Lcnzcni^^^ g Lcnzi29, K. Leonhardt^^^ S. Leontsinis^, C. Leroy^^, J-R. Lessard^ss, 
J. Lesser^''^^, C.G. Lester2'^, A. Leung Fook Cheongi'^2^ j Lcvcque^, D. Levin^^, L.J. Levinson^^^ M.S. Levitskii28^ 
M. Lewandowska^i, A. Lewis"^ G.H. Lewisl°^ A.M. Lcyko2", M. Leytonl^ B. Li^^, H. Lii^2^ g. Li32b,d, x. Li^^, 
Z. Liang39, Z. Liang"^''', H. Liao^^, B. Liberti^^s^^ p. Lichard29, M. Lichtneckcr^s , K. Lici6'\ W. Licbig^^, 
R. Lifshitzi52, J.N. LiUeyi^ C. Limbach20, A. LimosaniS^, M. Limper63, S.G. Lin^^i.^, p. Linde^o^, J.T. Linnemann8^ 

E. Lipelesi20, L. Lipinskyi25, A. Lipniackal^ T.M. Lissl^^ D. Lissauer^^, A. Lister*®, A.M. Litke^^^, C. Liu^^, 

D. Liu^si.t^ jj_ Liu«7^ j_B Liu87, M. Liu32b, S. Liu2, Y. Liu32b, M. Livan"9'''"9b^ g g a_ Livermore"^, A. Lleres5^ 
J. Llorente Merino*", S.L. Lloyd^'\ E. Lobodzinska'^\ P. Loch^ W.S. Lockman^^^, t. Loddenkoetter2", 

F. K. Loebinger82, A. Loginovl7^ C.W. Loh^^s, T. Lohsel^ K. Lohwasser*^ M. Lokajicek^^s, J. Loken 
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A. Manabe^e, L. Alandelli*^^ , I. Mandic^^, R. Mandrysch^^ J. Maneirai24a^ p s. Mangeard^^, I.D. Manjavidze6^ 
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S.J. McMahoni20, R.A. McPhcrsoni*^^''^, A. Mcadc^^^ Mcchnichi"-\ M. Mcchtcli^*, M. Mcdinnis^i. 

R. Mccra-Lcbbai"\ T. Alcgrn'oi"', R. Mchdiycv'^^l S. Mchlhasc'^-\ A. Mclita^'l K. Mcicr-'^^^, J. Mcinhardt^^^^ 
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M. Mudrinici^b^ p Mueller^s^, J. Mueller^^a, K. Mueller^o, T.A. M^iller9^ D. Muenstermann^^, A. Muir^^s, 
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A. Sbrizzii9^'i9b, Q. ScalW, D.A. Scanniccliioi<53, J. Scliaarschniidt"^^ P. Schacht^^, U. Schafer^i, S. Schaepe^o, 
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